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Abstract

Glioblastoma is the most aggressive adult primary brain tumor. Although progress has been made 

in understanding the molecular mechanisms underlying these tumors, current treatments are 

ineffective. Recent studies have identified iNOS as a critical regulator of glial transformation 

downstream of EGFRvIII/STAT3 signaling, a key oncogenic pathway in glioblastoma. STAT3 

directly binds the promoter of the iNOS gene and thereby stimulates its expression. Importantly, 

inhibition of iNOS by genetic and pharmacological approaches impedes glial cell proliferation, 

invasiveness, and tumor growth in vivo. iNOS expression is also elevated in a population of 

human brain tumor stem cells (BTSCs), and iNOS is required for BTSC proliferation and 

tumorigenesis. Together, these findings suggest that development of iNOS-targeted therapies may 

prove valuable in the treatment of glioblastoma. Here, we review our current understanding of 

iNOS signaling in the regulation of glioblastoma pathogenesis and the potential mechanisms by 

which iNOS inhibition might suppress the malignant behavior of these devastating tumors.
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INTRODUCTION

Gliomas are the most common primary tumors in the brain [1, 2]. Based on the glial cell 

type that predominates in glioma, these tumors are classified as astrocytoma, ependymoma, 

or oligodendroglioma. Astrocytomas are classified into different grades according to 

histological criteria [1, 2]. Grade 4 astrocytoma, known as glioblastoma, is currently 

incurable. Despite multimodal treatment including surgery, chemotherapy, and radiation, 

patients with glioblastoma have a median survival rate of less than 2 years [3-7]. 

Glioblastoma may arise from the transformation of mature astrocytes or neural stem cells 
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(NSC) [1, 8-11]. Regardless of the cell of origin, the resulting tumors are heterogeneous and 

composed of cells with variable differentiation.

Multiple genetic alterations have been identified in malignant glioma, which have been 

reviewed [1, 6, 10, 12, 13]. Overexpression of growth factors and of their receptors, 

amplification of cyclin dependent kinase 4 (Cdk4), mutations of p53, and loss of 

phosphatase and tensin homology (PTEN), INK4A, and retinoblastoma (RB) are among 

frequent genetic alterations in glioma. Activating mutations or amplifications of the 

epidermal growth factor receptor (EGFR), a member of the ErbB family of receptor tyrosine 

kinases, occurs in nearly 40 percent of all glioblastoma tumors [6, 14].

The most common active mutant of EGFR in glioblastoma is a mutant allele leading to 

deletions of exons 2-7 (EGFRvIII) [15]. EGFRvIII is a constitutively active receptor in the 

absence of epidermal growth factor (EGF) ligand. Activation of EGFR transforms murine 

Ink4/Arf-null neural stem cell (NSC) or astrocytes in the mouse brain [6, 8]. EGFR 

signaling is also deregulated in other human cancers [16]. The major pathways downstream 

of plasma membrane-bound EGFR include PLC-γ-PKC, Ras-Raf-MEK, PI3K-AKT-mTOR 

and JAK-STAT3 signaling [1, 16, 17]. The net effect of these pathways is enhanced cell 

cycle progression and cell survival. On the other hand, EGFR can be shuttled into the cell 

nucleus and mitochondrion [18-23]. Nuclear EGFR behaves as a transcriptional regulator, 

whereas mitochondrial EGFR might inhibit cell death. Nuclear EGFR has been implicated in 

a number of biological and pathological processes, including cell proliferation, 

inflammation, metastasis, DNA repair, and resistance to radiation and alkylating anti-cancer 

agents [24, 25]. Nuclear EGFR also appears to be an indicator of poor clinical outcomes in 

cancer patients [16]. EGFR forms a complex with and directly phosphorylates the 

transcription factor STAT3 [22, 23, 26].

STAT3 has multiple functions in the mammalian brain [27]. STAT3 drives astrocyte 

differentiation in the developing central nervous system [28, 29]. However, in the early 

stages of embryonic development, STAT3 promotes the self-renewal of neural stem cells 

[30]. In a similar vein, STAT3 has a dual role in the context of brain tumor biology 

depending on the mutational background of the tumor [23, 26, 31]. Whereas STAT3 

functions as a tumor suppressor in PTEN-deficient astrocytes, it promotes oncogenesis in 

EGFRvIII-expressing astrocytes. Interestingly, in glial cells, STAT3 functions as a 

transcriptional activator or repressor. STAT3 represses IL8 in PTEN-deficient glioblastoma 

cells to inhibit their proliferation and invasiveness [31]. By contrast, STAT3 stimulates 

iNOS expression in EGFRvIII-expressing astrocytes to induce their transformation [32]. 

Further, STAT3 can act on the same target gene to either repress or induce its expression 

depending on cell type and context. For instance, in endothelial cells, STAT3 represses 

iNOS expression by inhibiting NF-KB activity [33, 34]. The DNA binding domain of 

STAT3 directly interacts with NF-KB to inhibit iNOS transcription. In EGFRvIII-expressing 

astrocytes, however, STAT3 directly activates iNOS transcription.

STAT3 activation occurs in the subset of human glioblastoma tumors that express EGFRvIII 

[23], and STAT3 promotes survival of a distinct set of glioblastoma cells in vitro [26, 

35-37]. Activation of a STAT3-dependent transcriptional network also appears to be 
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associated with mesenchymal transformation in glioblastoma [38]. Interestingly, treatment 

of glioma cell lines with STAT3 decoy leads to decreased proliferation, increased apoptosis 

and cell cycle arrest in vitro [39]. Since STAT3 plays a crucial role in the malignant biology 

of brain tumor cells [23], the development of STAT3 inhibitors for treatment of 

glioblastoma remains an active area of research. However, in view of the opposing functions 

of STAT3 in the pathogenesis of glioblastoma depending on the mutational profile of the 

tumor, STAT3 inhibitors will require a patient-tailored approach. A greater understanding of 

the roles and mechanisms of STAT3 in glioblastoma is essential to ensure the success of 

potential STAT3-based therapeutics in the future.

An alternative to STAT3 modulators in the treatment of glioblastoma would be to identify 

downstream targets of EGFRvIII/STAT3 signaling and assess their therapeutic value. We 

have recently identified iNOS as a direct transcriptional target of STAT3 in EGFRvIII-

expressing astrocytes [32]. iNOS plays a critical role in transformation of mouse astrocytes 

as well as human BTSCs [32, 40]. Thus, iNOS represents an attractive candidate for 

therapeutic intervention. Here, we review our current understanding of iNOS signaling in 

the regulation of brain tumor biology and highlight the potential for novel iNOS-based 

treatments for malignant glioma.

Nitric Oxide (NO)

Nitric Oxide (NO) is an uncharged molecule critical to numerous physiological processes 

including vasodilation, neurotransmission, and immunity [41]. Within the central nervous 

system, NO is a key component of signaling pathways that regulate memory, sensory 

processing, and cerebral blood flow [42-44]. The role of NO in tumor biology has been the 

subject of scrutiny, where it is thought to exhibit pro- or anti- tumor activities. For example, 

NO triggers the accumulation of p53 [45] which may lead to apoptosis of tumor cells. 

However, excess NO can also lead to the generation of peroxynitrite (ONOO-), which 

inhibits p53 in malignant glioma cells [46]. Several mechanisms may explain NO’s dual role 

in cancer biology [44, 47-53]. Briefly, NO can react with a wide range of molecules from 

proteins to transition metals. This can result in the modification of proteins, lipids, and 

DNA. Reactive intermediates of NO also regulate DNA damage and DNA repair. In 

addition, the mode of NO production within each cell type may result in different outcomes. 

At high concentrations, NO induces apoptosis and inhibits cancer growth, whereas at 

physiological concentrations similar to those in tumor samples, NO favors cell proliferation 

and tumor growth.

Three NO synthases (NOS) are responsible for the production of NO from the amino acid L-

arginine. The NOS1, NOS2, and NOS3 genes encode, respectively, neuronal NOS (nNOS), 

endothelial NOS (eNOS), and inducible NOS (iNOS). The mechanism of NO production by 

each NOS isoform appears to be directly correlated with the amount of NO produced, which 

can in turn influence the biological outcome [54-57]. iNOS is induced in a calcium/

calmodulin-independent manner and generates NO in a sustained manner, whereas nNOS 

and eNOS generate low quantities of NO in a calcium/calmodulin-dependent manner. 

Growing evidence suggests that iNOS harbors tumor-promoting activity in glioblastoma.
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Inducible Nitric Oxide Synthase (iNOS)

iNOS is inducible in many types of cells including epithelial, mesenchymal, and myeloid 

cells [58]. Induction of iNOS expression varies depending on cell type and species [59]. The 

inflammatory cytokines interleukin-1s (IL-1s), tumor necrosis factor-α (TNF- α), and 

interferon-γ (IFN-γ) induce iNOS expression in most murine and rat cells [60]. iNOS is also 

induced by EGF, colony stimulating factor 1 (CSF1), hypoxia, and WNT signaling [61-63]. 

EGF induces the accumulation of EGFR in the nucleus, where it interacts with STAT3 

leading to the upregulation of iNOS in human breast cancer cells [22].

Aberrant expression of iNOS has been documented in different human tumors including 

head and neck, breast, colon, stomach, and lung cancer [64-69]. Increased iNOS expression 

correlates with tumor grade and angiogenesis in breast cancer patients [65, 66, 70]. A 

positive correlation between iNOS expression and tumor grade also holds for brain tumors. 

iNOS appears to be highly expressed in glioblastoma and grade III astrocytoma compared to 

normal brain tissue and grade II astrocytoma [71].

iNOS SIGNALING IN GLIOBLASTOMA

Although multiple studies emphasize the significance of iNOS and iNOS-mediated NO 

production in tumor progression, the biological significance of these molecules in the 

regulation of glioblastoma remained unexplored until recently. New studies have identified 

iNOS as a potential target for therapeutic design in glioblastoma [32, 40].

The EGFRvIII/STAT3 Oncogenic Pathway Operates via iNOS

Using a mouse genetics approach, an oncogenic function for STAT3 has been identified in 

astrocytes that express the major oncogenic stimulus EGFRvIII [23]. Using a rational 

approach, iNOS has been identified as a novel target gene of STAT3 in these cells [32]. 

iNOS is specifically downregulated upon STAT3 knockout, and endogenous STAT3 

occupies the promoter of the iNOS gene in EGFRvIII-expressing astrocytes to regulate its 

transcription [32]. In contrast, STAT3 does not seem to regulate iNOS transcription in 

astrocytes that are deficient in the major glioblastoma tumor suppressor protein PTEN [32]. 

These findings suggest that in glial cells, STAT3 regulates iNOS transcription specifically in 

EGFRvIII-expressing astrocytes. STAT3 induces the expression of a reporter gene driven by 

the iNOS promoter, and mutation of a conserved STAT3 binding site within the iNOS 

promoter blocks the STAT3-induced expression of the reporter gene [32]. These findings 

suggest that STAT3 directly activates iNOS transcription downstream of EGFRvIII (Fig. 

1A). The selective iNOS inhibitors 1400W and S-MIU [72-75] reduce the population growth 

of both astrocytes and U87 glioblastoma cells that express EGFRvIII (Fig. 1B). The NO 

scavenger c-PTIO, which converts free NO to NO2 [76-78], also reduces the population 

growth of EGFRvIII-expressing astrocytes. Knockdown of iNOS by RNA interference 

(RNAi) mimics the effect of pharmacological inhibition of iNOS on the population growth 

of these cells. Notably, iNOS knockdown or pharmacological inhibition of iNOS with 

1400W significantly reduces their invasiveness. Importantly, iNOS knockdown EGFRvIII-

expressing astrocytes fail to produce tumors or lead to significantly smaller tumors than 
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control EGFRvIII-expressing astrocytes (Fig. 1B). Thus, iNOS plays a critical role in 

malignant glial transformation in vivo.

Although, iNOS appears to be a key regulator of the proliferation, invasiveness, and 

transformation of EGFRvIII-expressing astrocytes, it remains to be determined whether 

iNOS inhibition might impact glioma recurrence. To address this question, it would be 

important to first determine the efficacy and toxicity of different iNOS inhibitors on relevant 

models and follow up on the recurrence pattern of glioma treated with specific iNOS 

inhibitors.

iNOS -Regulation of Oncogenesis in BTSCs

Identification of brain tumor stem cells (BTSCs) has opened new avenues in the study of 

glioblastoma. BTSCs constitute a subpopulation of cells in human brain tumors that are 

capable of self-renewal and tumor formation [79-85]. These cells show remarkable 

similarities to neuronal stem cells (NSC) [13, 85-87]. For example, BTSCs express neuronal 

stem/progenitor markers such as Olig2, Sox2, and nestin, and can differentiate to glial or 

neuronal cells. The precise mechanisms that give rise to BTSCs in the adult brain remain to 

be elucidated. The production of NO has been recently compared in CD133+ BTSCs and 

CD133− glioma cells (non-BTSC) by quantification of nitrite (NO2
-), a stable byproduct of 

NO. BTSCs produce more NO2
- than non-BTSC cells, suggesting that elevated NO 

synthesis might be a distinct feature of BTSCs [40]. In addition, endogenous NO depletion 

by expression of flavohemoglobin (FlavoHb), a potent NO-consuming enzyme [88, 89], 

impairs BTSC growth and neurosphere formation. These results suggest a role for NO 

synthesis in BTSC proliferation. Among the different NOS isoforms, iNOS appears to be the 

only isoform that exhibits elevated expression in BTSCs, suggesting that iNOS regulates NO 

production in these cells and consequently their proliferation. iNOS levels are also elevated 

in CD15+ BTSCs relative to CD15− non-BTSCs, suggesting that iNOS correlates with 

BTSC phenotypes in glioma regardless of whether CD133 or CD15 are used for BTSC 

enrichment. RNAi-mediated knockdown of iNOS or pharmacological inhibition of iNOS by 

1400W both results in decreased BTSC proliferation and neurosphere formation. However, 

iNOS inhibitors do not appear to have a significant effect on growth rate of normal neuronal 

progenitor cell (NPCs), suggesting that iNOS targeted therapy might specifically target 

BTSCs. Further, application of iNOS inhibitors in mice bearing human glioma xenografts 

leads to reduced tumor volumes. It appears that the decrease in tumor growth in these 

animals correlates with a decrease in the number of BTSCs and their ability to self-renew 

and form spheres [40]. Together, just as with studies of the iNOS pathway in mouse 

astrocytes, these findings in human BTSCs suggest that iNOS inhibitors may hold promise 

for the treatment of glioblastoma.

MECHANISMS OF iNOS FUNCTION IN GLIOBLASTOMA

The two recent studies suggest that iNOS may play a critical role in the pathogenesis of 

glioblastoma [32, 40] and may therefore provide a promising target for therapeutic 

intervention in the treatment of this devastating disease. iNOS inhibitors have been shown to 

be beneficial in animal models of other types of cancer. For example, NG-nitro-L-arginine-

methyl ester (L-NNA) and 1400W reduce tumor growth and angiogenesis in mice bearing 
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mammary tumors [90, 91]. Also, the administration of L-NNA reduces tumor blood flow in 

BD9 rats harboring P22 carcinosarcoma [92] suggesting the involvement of iNOS in tumor 

angiogenesis. In support of this conclusion, iNOS knockout mice have reduced tumor 

growth and vascularization [93, 94]. Importantly, L-NNA was assessed in a phase one 

clinical study and found to reduce tumor blood volume in cervical and non-small-cell lung 

cancers [95]. Thus, iNOS inhibitors should be considered in the treatment of glioblastoma. 

Establishing the in vivo efficacy of iNOS inhibitors is the first step toward the possibility of 

ultimately using these inhibitors in the treatment of glioblastoma. However, it is also 

important to gain mechanistic insights into how iNOS regulates tumorigenesis. This will 

facilitate the design of better therapeutic strategies. Here, we review potential mechanisms 

by which iNOS may regulate glioblastoma pathogenesis.

iNOS Signaling: Regulation of Cell Cycle

iNOS-dependent tumor cell proliferation appears to be regulated through components of cell 

cycle machinery. Cell division autoantigen1 (CDA1) is a cell cycle inhibitor that acts in a 

tumor-suppressive manner [96-98]. iNOS negatively regulates CDA1 expression in BTSCs 

[40]. Interestingly, suppression of CDA1 correlates with decreased survival in patients. 

Inhibition of iNOS by RNAi or pharmacologically reduces the rate of cell cycle transit of 

these cells. Overexpression of CDA1 reduces BTSC numbers and neurosphere formation, 

phenocopying the effects of iNOS RNAi. These results suggest that iNOS may influence 

cell cycle progression.

NO activates the AKT signaling pathway in breast cancer cells [50, 99]. AKT suppresses 

apoptotic signaling by inhibiting pro-apoptotic proteins [100]. In addition, AKT activates 

eNOS, which contributes to tumor maintenance [101, 102]. Importantly the PI3K/AKT 

pathway is also required for the regulation of G2/M transition [103]. Although these studies 

suggest iNOS may promote oncogenesis via distinct mechanisms, iNOS signaling appears to 

induce the proliferation of glioblastoma cells by influencing cell cycle kinetics. In support of 

this conclusion, iNOS appears to promote the transformation of EGFRvIII-expressing 

astrocytes in the absence of changes in apoptosis [32].

iNOS Signaling: The Cytokine Connection

NO regulates the expression of IL8 [104-106], which is associated with increased cell 

invasion in cancer and poor patient survival [107]. Like other cytokines, IL8 might alter the 

tumor microenvironment and lead to a pro-inflammatory state and increased oxygen radical 

formation [108]. This raises the question of whether iNOS-mediated NO production 

regulates oncogenesis in brain tumors by upregulation of IL8. IL8 is upregulated in higher 

grade astrocytoma [109]. IL8 has also been implicated in the regulation of angiogenesis in 

tumors including glioma [110, 111]. In addition, iNOS regulates angiogenesis in C6 rat 

glioma cells [112]. Therefore, iNOS may promote glioblasotma angiogenesis through 

upregulation of IL8.

Notably, IL8 is upregulated in a subset of glioblastoma, though in these tumors IL8 

upregulation correlates with inhibition of STAT3 and loss of PTEN [31]. In PTEN-deficient 

human glioblastoma cells, STAT3 represses IL8 and repression of IL8 mediates the ability 
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of STAT3 to inhibit glioblastoma cell proliferation and invasiveness in PTEN-deficient 

glioblastoma cells. IL8 expression is also increased in an invasive glioblastoma mouse 

model [113]. Whether iNOS-mediated NO production downstream of EGFRvIII/STAT3 

signaling induce glial transformation via upregulation of IL8 remains an open question.

NO activates cyclooxygenase 2 (COX-2) [114]. Overexpression of COX2 in rat intestinal 

epithelial cells reduces the rate of apoptosis and increases the expression of the anti-

apoptotic protein Bcl-2 [115]. Conversely, the inhibition of COX2 induces apoptosis and 

inhibits cell proliferation [116-118]. Interestingly, the levels of COX2 are elevated in high-

grade glioma [119, 120]. In addition, the selective COX2 inhibitor, NS398, reduces the 

proliferation of human glioblastoma cells [119]. Whether iNOS promotes oncogenesis of 

glioblastoma tumors via upregulation of COX2 remains to be investigated. Interestingly, 

COX2 expression is increased in glioblastoma cell lines in response to EGF or EGFRvIII 

expression [121]. Nuclear EGFR and STAT3 occupy the promoter of the COX-2 gene and 

thereby activate its expression [121]. Therefore, it is tempting to hypothesize that in 

EGFRvIII-expressing astrocytes, COX2 is either directly activated by the nuclear EGFRvIII/

STAT3 or via STAT3-mediated iNOS production.

PERSPECTIVES

iNOS has been recently identified as a key player in the transformation of mouse astrocytes 

and human BTSCs. Notably, iNOS inhibition by genetic and pharmacological approaches 

inhibits tumor growth in both of these models in vivo. Development of novel iNOS-based 

therapeutics may therefore prove valuable in the treatment of glioblastoma. In particular, 

iNOS is a direct target of STAT3 in EGFRvIII-expressing astrocytes and mediates STAT3-

induced glial proliferation and transformation. Thus, patients with activating EGFR 

mutations may benefit from pharmacological agents that inhibit iNOS.

Although identification of iNOS as a pathophysio-logically relevant STAT3 target in glial 

transformation has shed light on an important underlying mechanism of STAT3 function in 

brain tumor pathogenesis, many unresolved questions remain to be addressed. In view of the 

highly complex interactive nature of EGFR signaling and the dual role of STAT3 in the 

pathogenesis of glioblastoma, identification of genome-wide STAT3 targets in patients with 

different genetic backgrounds should provide important insights on how STAT3 operates in 

a specific tumor (Fig. 2). This can be achieved by genetic manipulation of brain tumor stem 

cell cultures following surgical excision, and subjecting them to a combination of genome 

wide binding site analyses and gene expression data (Fig. 2). Identified targets can be further 

assessed in functional experiments in vitro and in vivo. In this manner, classification of 

global STAT3 networks and assigning of molecular signatures to each patient may provide 

the means for patient-tailored approaches. Recent advances in next generation sequencing 

platforms should facilitate the discovery of oncogenic and tumor suppressive STAT3 

targets. This will provide a strong foundation for better treatments in which an array of 

drugs and inhibitors can be assessed to identify the unique drug susceptibilities of a given 

tumor.
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Fig. (1). Inhibitors of iNOS pathway may provide the basis for treatment of human glioblastoma 
tumors
(A). STAT3-iNOS signaling regulates EGFRvIII-mediated glial transformation. In 

EGFRvIII-expressing astrocytes, endogenous STAT3 occupies the promoter of the iNOS 

gene to regulate its transcription. STAT3 induces the expression of a reporter gene driven by 

the iNOS promoter, and mutation of a conserved STAT3 binding site within the iNOS 

promoter blocks the STAT3-induced expression of the reporter gene. The downstream 

signaling mechanisms by which iNOS regulates tumorigenesis remain to be studied. Here, 

we propose upregulation of cytokines such as IL8 and COX2, or changes in cell cycle 

kinetics as potential mechanism by which iNOS may regulate tumorigenesis. (B) 

Pharmacological inhibition of iNOS pathway or knockdown (KD) of iNOS by RNA 

interference (RNAi) suppresses tumor growth in vivo. The selective iNOS inhibitors 1400W 

and S-MIU and the NO scavenger c-PTIO reduce the population growth of EGFRvIII-

expressing astrocytes. Knockdown of iNOS by RNA interference (Si-RNA) also reduces the 
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population growth of these cells. iNOS knockdown EGFRvIII-expressing astrocytes fail to 

produce tumors or produce much smaller tumors than control EGFRvIII-expressing 

astrocytes. iNOS inhibition may therefore have potential therapeutic value in the treatment 

of glioblastoma.
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Fig. (2). Future STAT3-based-patient-tailored therapies for malignant glioma
Following surgical excision of tumors, tumor cells can be dissociated and cultured. Cells can 

be enriched for tumor stem cells based on culture conditions. Brain tumor stem cells 

(BTSCs) can be genetically manipulated by lentiviral-based system. To identify STAT3 

global networks, STAT3-KD-BTSCs and control counterparts can be subjected to chromatin 

immunoprecipitation with a STAT3 antibody followed by massive parallel sequencing 

(ChIP-Seq). To derive the functional relevance of those targets, BTSCs will be subjected to 

RNA-Seq and whole genome analyses. Identified targets will be assessed in functional 

experiments in animal models. An array of drugs and inhibitors can be assessed to identify 

the unique drug susceptibilities of a given tumor.
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